We carried out an imaging survey for extrasolar planets around stars in the Pleiades (125 Myr, 135 pc) in the H and K S bands using HiCIAO combined with the adaptive optics, AO188, on the Subaru telescope. We found 13 companion candidates fainter than 14.5 mag in the H band around 9 stars. Five of these 13 were confirmed to be background stars by measurement of their proper motion. One was not found in the second epoch observation, and thus was not a background or companion object. One had multi-epoch image, but the precision of its proper motion was not sufficient to conclude whether it was background object. Four other candidates are waiting for second epoch observations to determine their proper motion. Finally, the remaining 2 were confirmed to be 60 M J brown dwarf companions orbiting around HD 23514 (G0) and HII 1348 (K5) respectively, as had been reported in previous 2 studies. In our observations, the average detection limit for a point source was 20.3 mag in the H band beyond 1.
Introduction
Understanding planet-building and their evolutionary process is one of the most challenging problems in astrophysics. Theoretically, there have been two main competing hypotheses regarding the formation of gas-giant planets: core accretion (e.g., Safronov 1969; Mizuno 1980; Pollack et al. 1996) and disk instability (e.g., Kuiper 1951; Cameron 1978) . Planet formation theories have been continuously updated or newly proposed (e.g., Inutsuka et al. 2010 ), but these two hypotheses have served as the basis for most studies. On the one hand, in the core accretion model, relatively small giant planets such as Jupiter and Saturn are thought to form at about 10 AU or less from a solar-type host star in several Myr (Pollack et al. 1996; Ida & Lin 2004) . On the other hand, in the disk instability model, planets of a few to 10 M J can be created within a few 10 to 100 AU from the central star on a dynamical timescale of several thousand years (Rafikov 2007; Rafikov 2011; Marois et al. 2008; Kratter et al. 2010; Janson et al. 2012) . These formation models therefore predict two populations of giant planets segregated by orbital distance, with the closer planets formed by core accretion and the outer ones by disk instability.
However, planets may experience subsequent orbital migration as a result of interaction with the parent disk either inward or even outward in the case of type III migration (Masset & Papaloizou 2003) . Furthermore, in a system with multiple planets, one can be ejected beyond the outer radius of the disk through gravitational interaction between planets or their embryos (e.g. Ida & Lin 2004; Veras et al. 2009; Basu & Vorobyov 2012) . In addition, free-floating planets might be captured at wide orbits, although such widely separated planets are likely rare (on the order of a few percent, e.g., Kouwenhoven et al. 2010 ). Thus, a number of mechanisms to explain the formation and evolution of planets have been theoretically explored, but it is most important to observationally determine planet frequency over a wide range of orbital distances.
Observationally, more than 830 extrasolar planets have been found to date, of which about 90% were detected by radial velocity (RV) and transit observations (e.g. Mayor et al. 2011; Howard et al. 2010) . This rapidly growing sample allows a statistical discussion of planet frequency based on the properties of the planets and their host stars. However, these observing methods have a limitation: it is difficult to detect planets that are far from host stars, i.e., more than about 10 AU. Direct imaging, however, which is sensitive to such distant regions, can provide critical and complementary information to that obtained by indirect detection methods (Marois et al. 2008; Marois et al. 2010; Lagrange et al. 2010; Currie et al. 2011; Carson et al. 2012) . Given its importance and with the development of instruments and observing techniques, direct imaging has been extensively performed in recent years with large-aperture telescopes. Lafrenière et al. (2007) calculated the planet frequency around a single star as less than 0.1 (for separations in the range 50-250 AU and planet masses 0.5-13 M J ) on the basis of the Gemini observations of 85 stars. In Nielsen & Close (2010) , the frequency (8.9-911 AU, > 4 M J ) was estimated to be below 0.2, by compiling the data of 118 stars (Liu 2004; Masciadri et al. 2005; Marois et al. 2006; Biller et al. 2007; Lafrenière et al. 2007 ). Moreover, Chauvin et al. (2010) reported VLT observations of 88 targets (10-500 AU, > 1 M J ) that yielded a frequency of below 0.1. Vigan et al. (2012) reported the frequency of a planet around early type stars (A-F) to be 8.7
+10.1 −2.8 (1σ). The result of the previous direct imaging surveys for the frequency of a planet summarized in Table 1 . The problem with direct imaging is that the sample size is small compared to that of indirect observations.
In these imaging studies, the targets belong to the moving groups and local associations including the β Pictoris moving group, TW Hya Association, Tucana-Horologium Association, and AB Doradus group (Lafrenière et al. 2007; Chauvin et al. 2010) . Because these associations are nearby (∼20-100 pc) and young (several to several hundred Myr), their planets are relatively bright and should be easy to detect. In addition, stars in the same cluster have similar ages and distances from earth, which statistically improves the accuracy of the age and luminosity estimates, and hence the derivation of the planetary mass. However, the number of the group members is not large. For instance, such sparse moving groups have only several dozen members each, and only a dozen stars have been observed by previous studies (Chauvin et al. 2010) . In contrast, open clusters usually have many more members, which can be an advantage when discussing the frequency of planets at specific ages, as well as for obtaining relatively accurate estimates of planetary masses.
We therefore have started an imaging survey of planets in an open cluster, the Pleiades, in order to constrain the frequency of gas-giant planets at >50 AU around the member stars. The imaging is conducted with the near-infrared instrument HiCIAO with the AO188 adaptive optics on the Subaru telescope (Suzuki et al. 2010; Hodapp et al. 2008 ). Here we report the imaging results for the first 20 surveyed stars. 
Target selection
Our purpose is to detect extrasolar planets of less than 10 Jovian masses as close as possible to the central star. Therefore, we selected the Pleiades, a nearby young star cluster observable from the northern hemisphere. The Pleiades cluster is significantly populous and thus it provides a better probe of the planet frequency at a given age and for a given common star-formation history. It is located at 133.5±1.2 pc Soderblom et al. 2005; van Leeuwen 2009 ) and is 125±8 Myr old (Stauffer et al. 1998) . The typical metallicity of the cluster members is similar to that of the Sun ([Fe/H] = -0.03±0.06; Gratton 2000) .
One of the important criteria for choosing an open cluster is the sensitivity for detecting giant planets of <10 M J . The luminosity of a planet depends on its age and mass. To be consistent with previous studies, in our work, we have adopted the evolutionary model of Baraffe et al. (2003) to predict the brightness of planets. The H-band magnitudes for a planet at 125 Myr are thus estimated to be 27.9, 22.5, and 20.4 magnitudes (mag) for 1, 5, and 10 M J , respectively. The typical integration time in our observations is about 30 minutes with HiCIAO/AO188, as described later, which provides a detection limit (5σ) of 21.5 mag. This means that it is possible to detect a planet less massive than 10 M J .
We note that it has been predicted that the formation process itself is also related to the luminosity evolution of a planet. There are two types of evolutionary models: hot start and cold start. Since the hot-start model assumes higher entropy for giant planets, it may correspond to planet formation by the collapse of a gaseous disk (Baraffe et al. 1998; Baraffe et al. 2002; Baraffe et al. 2003; Chabrier & Baraffe 2000) , while the cold start condition may represent core accretion process (Fortney et al. 2005; Fortney et al. 2008; Marley et al. 2007) . It has been shown that higher initial entropy causes a planet to became brighter (Spiegel & Burrows 2012) . Thus, the brightness of a planet at a certain age as derived by the hot start model serves as an upper limit, while the cold start model represents a lower limit. The model by Baraffe et al. (2003) is a hot start model. Based on the cold start model (Spiegel & Burrows 2012) , the H magnitude is predicted to be 22.6 mag for a planet with 12 M J , indicating that we do not have the sensitivity to detect such planets. Since planet mass estimates are dependent on the evolutionary model that is used, we should be aware of such uncertainties.
Target stars in the Pleiades were selected on the basis of the following three criteria.
1. The star is brighter than 12 mag in the R band. AO imaging requires a guide star to measure and correct the atmospheric distortion in optical, so the star should be bright in R to obtain diffraction-limited performance. In the case of Subaru/AO188, the guide star needs to be located within 30 ′′ of the target; thus, the target star itself is normally used as the AO guide star. 2. The membership probability is high.
Cluster membership for the target star is confirmed by using the following three criteria. First, the membership probability should be higher than 80% based on the proper motion measurements of Belikov et al. (1998) and the target star should not be classified as a non-member by the other proper motion tests of Lodieu et al. (2007) . Second, if the star fails to fulfill the first sub-criterion, it needs to have a membership probability (Belikov et al. 1998) higher than 50% and be determined to be a member according to Lodieu et al. (2007) . Third, if the star does not satisfy the above two sub-criteria, it should be classified as a Pleiades member on the basis of the proper motion and photometry of Stauffer et al. (2007) . 3. The star has no binary companion that might exert gravitational influence on planet formation. The target star should not be identified as a binary in literature (Bouvier et al. 1997; Raboud & Mermilliod 1998; Lodieu et al. 2007 ). In addition, there should be no other bright (<15 mag in the H band) object in the field of view (FoV) of 20 ′′ ×20 ′′ by 2MASS observation.
Finally, we selected 60 targets out of 455 stars in the Pleiades (Belikov et al. 1998; Micela et al. 1996; Pinfield et al. 2003; Raboud & Mermilliod 1998) . 
Observations
Twenty of the 60 selected target stars were observed between October 2009 and January 2012 ( Table 2 ). The imaging observations were carried out as part of the Strategic Explorations of Exoplanets and Disks with Subaru (SEEDS, Tamura 2009) by using HiCIAO, which is a high-contrast instrument installed on the Subaru telescope (Suzuki et al. 2010; Hodapp et al. 2008) . HiCIAO has a 2048×2048 HgCdTe/HAWAII 2 detector array and its pixel scale is 9.5 mas/pixel; thus, the FoV is ∼ 20 ′′ ×20 ′′ . The targets were observed either with the H or K S filter. The coronagraphic masks were not used.
To obtain the high contrast needed to observe within the close vicinity of a host star, HiCIAO was used in combination with AO188 (Hayano et al. 2010) . By using AO, a FWHM of 6-10 pixels (0.
′′ 05-0. ′′ 10) was achieved for a point source. In addition, angular differential imaging (ADI; Marois et al. 2006 ) was implemented. ADI is an imaging method that allows the rotation of the FoV with time but fixes the detector plane relative to the pupil plane by using an image-rotator. As a result, this method can effectively reduce quasi-static noise including the halo of the star and speckles produced by the telescope, because the noise pattern is fixed on the detector. The key to obtaining effective noise reduction is a large field rotation; therefore, the imaging was performed to cover the period of transit of the target stars over the meridian, giving a rotation angle of 25-150 degrees. Additionally, the target star was placed at the center of the FoV to provide a wide area for the planet search.
Our observational procedure consisted of three steps. First, 5-10 unsaturated frames were taken as a reference for the point-spread-function (PSF) of the central star with 1.5 to 2.5 s exposure time to avoid saturation. Second, the ADI observations were performed over an integration of 5 or 10 s in the individual frames to obtain high sensitivity, but with no smearing caused by the field rotation. The central star was saturated at the peak by this integration time, and the saturated area had a radius of 3-6 pixels. Third, several unsaturated frames were retaken. Table 2 summarizes the information on the observed stars, observing mode, filters, and exposure times of saturated images.
If sources were detected around a target star, they were considered to be candidate companions (CCs). For HD 23247, the bright (H < 14.5) companion candidate was detected at 3.
′′ 7 from the central star. However, we discuss only CCs fainter than 14.5 mag which corresponds to about 100 M J (brown dwarf mass), in the subsequent part of this paper since our focus is not on the stellar regime. The relative positions of CCs against the target star were measured in the follow-up observations for HD 23912 and V855 Tau to determine whether they were co-moving. In the follow-up observations, the direct imaging (DI) mode without field rotation was employed since the CCs have wide angular separation (more than about 3 arcsec). V1171 Tau, BD+22 574, and HD 282954 have been observed with a different camera, Subaru/CIAO, in 2005, and the same CCs were detected (Itoh et al. 2011) . Thus, our HiCIAO observations gave the proper motion measurements combined with the CIAO results. HD 23912 was observed three times (in October 2009 , January 2010 , and January 2011 . Since the field rotation by ADI was too small (∼ 10 degree) for the first imaging in October 2009, it was revisited in January 2010.
Data reduction
The first step of the image processing was to remove the striped pattern caused by fluctuations in the bias levels in the individual raw images. The stripes consist of two components: 32 horizontal stripes each with a height of 64 pixels, and thin vertical stripes, each 2048 pixels high, randomly distributed over the image. These patterns vary with time and are independent among images. We created the striped pattern for the whole FoV by using the sky region in each frame, and subtracting it from the raw frame, a process corresponding to sky subtraction. Next, the bad pixels and their clusters were corrected by subtracting the de-striped dark image. Then, we performed flat-fielding by using the dome-flats. Bad pixels randomly occurring in arbitrary pixel positions were interpolated from the surrounding pixels. These calibrations were carried out by using our own reduction tool for HiCIAO data.
The image processing that follows (described below) was performed with IRAF 1 . Subpixel shifts cannot be avoided during the process of distortion correction and ADI reductions. They require the interpolation of adjacent pixels, which causes the smearing of pixel values. As a result, the noise level is reduced. Moreover, the amount of sub-pixel shift was different for each frame, and we confirmed that the degree of noise reduction could vary among multiple images. Such a non-uniform process, as well as artificial noise reduction, may affect our discussion of detection limits. Thus, before applying the distortion correction, all images were smoothed with a 2-D Gaussian filter with an FWHM of 3 pixels to obtain the same level of noise reduction for all pixels and images. The distortion was measured by comparison of images of the globular clusters (M5 and M15) with HiCIAO and HST/STIS (van der Marel et al. 2002) . The distortion was then corrected to obtain a pixel scale of 9.500 ± 0.005 mas/pixel. The precision of the distortion correction is as described below. Next, in preparation for the ADI reductions, the stellar position was measured and matched to the image center for all the frames. The target stars were saturated in areas of 3-6 pixels in radius. For removal of the stellar halo by ADI reductions, we adopted the centroid position of the halo measured from 10 to 50 pixels in radius as the stellar position. For the ADI processing, we followed the standard ADI procedures described by Marois et al. (2006) . First, a reference image was created by calculating the median at each pixel position using all images. Second, the reference was subtracted from the individual frames. The resultant image was de-rotated to align the field so that north was on the top. Finally, the de-rotated images were median-combined with 5σ clipping to obtain enough sensitivity to detect planetary-mass objects. An example of the final reduced image is presented in Figure 1 . The image was obtained using data from HD 23912 in the H band taken in January 2010. The rotation angle of the FoV was 73 degrees and the total integration time was 29.2 minutes. At the center of the left image, the residual pattern of the subtraction of the stellar halo can be seen. A point source is detected at 3.
′′ 388 ± 0. ′′ 028 from the star with a position angle (P.A.) of 14.
• 92 ± 0.
• 48. During the ADI, more images are taken at similar P.A. of the field when the rotation is slow. The emission from point sources in such images cannot be completely eliminated in the reference image, and consequently, self-subtraction occurs in the faint outskirts of the point source. This is consistent with the sculpting along the azimuthal direction. Images of all the target stars are shown in the Appendix.
When a CC was detected, the relative position between the CC and the central star was measured. The centroid position of the CC was determined using an aperture with radius of 1 FWHM. A position measurement was performed in each frame or combined frame depending on the brightness of the CC. In order to determine the position of the central star in saturated images, we first, in unsaturated images, determine the offset between the center derived by Gaussian fitting and a centroiding algorithm with a mask equal in size to the saturated area in saturated images. Assuming the same offset holds true in the saturated case, we correct the measurement derived by this masked centroiding algorithm accordingly. The uncertainty of the position measurement was checked by the deviation from the rotation center of the field by ADI. The relative positions were measured in each (combined) image, and the rotation center was defined as the center of the fitted circular orbit for the CC in multiple images without de-rotation. Moreover, the deviation between the position of the CC and its fitted circular path due to the ADI observation was below 0.7 pixels. This deviation encompasses possible distortions left even after distortion correction (as the shape would not be perfectly circular), thus showing that as far as any measurable effect exists it is small. The results of the astrometry measurements are summarized in Table 3 .
The magnitude of the CCs was estimated by the target star as the flux calibrator. The magnitudes of both for the central stars and the CCs were measured by aperture photometry. For the central star, photometry was performed by using the unsaturated frames taken before and after the ADI observations as mentioned in section 3. The background level was estimated as the centroid of the pixel-values histogram in an annulus with a radius of 50 pixels and the width of 20 pixels. The aperture size varied from 2 to 40 pixels in radius, and the converged magnitude, at a radius of about 20 pixels depending on the targets, was taken to be its magnitudes. By comparing this instrumental magnitude with the 2MASS measurement under the assumption that the star was not variable, the conversion from ADU to magnitude was obtained. The photometry for the CCs was performed with the same aperture size as that for the central star. The flux loss by the image processing including the ADI reductions was ∼ 5%, estimated by embedding an artificial point source at radially equally spaced angles and distances (interval of 1 ′′ ) in the raw image and applying the same reduction procedures. The flux loss was independent of the separation beyond 1 ′′ . The photometry result obtained for the CCs was corrected for this flux loss. Finally, the magnitude of the CCs was calculated using the conversion from ADU to the magnitude derived from the photometry of the central star. To improve the signal-to-noise ratio (S/N), the photometry for a CC was performed with images in which 20-40 frames were combined and the results were averaged. The H magnitudes for the CCs are shown in Table 3 .
Results

Detection limits of our observations
The detection limit of our observations is defined by a signal-to-noise ratio (S/N) of 5. The noise was determined by the standard deviation of the background level in the azimuthal direction measured at the same distance from the target star. The background level was than the brown-dwarf mass (∼ 100 M J ) are discussed in this paper.
Status sign; U presents "undefined" due to the uncertainty of the proper motion measurement. B presents the background object. C presents the co-moving object. N presents that the proper motion has not been measured yet. * The masses are linearly interpolated by reference to Baraffe et al. (2003) . † It was impossible to measure the individual brightness of CC1 and CC2, because they were not spatially separated not well enough for aperture photometry. In addition, the error was difficult to determine due to the fluctuated PSF because of the poor seeing. obtained with an aperture size of approximately 2 × FWHM on the median-combined image by ADI reductions. The relation between the standard deviation (S/N=1) and angular separation from the central star is plotted in Figure 2 . The median of the detection limits for all ADI observations becomes constant at 20.8 mag for S/N of 3 and 20.3 mag for S/N of 5 in the region beyond 1.
′′ 5 from the central star. Inside ∼1. ′′ 5, the detection limit is determined by the subtraction residual of the stellar halo. It is 17.7 mag and 19.7 mag for separations of 0.
′′ 5 and 1.
′′ 0, respectively. We note that there are other ways to achieve better suppression of the stellar halo than the classical ADI reductions, such as Locally Optimized Combination of Images (LOCI: Lafrenière et al. 2007 ). The LOCI algorithm considers spatial correlations of the stellar halo and speckle noise with reference images. However, our primary focus in this paper is on the relatively distant region from the star (more than about 100 AU) where uncorrelated, random noise is dominant and classical ADI is more effective than LOCI. The results of standard ADI reductions are thus discussed in this work.
Astrometry and photometry of companion candidates
Among 13 companion candidates, a CC for HD 23912 is detected in our follow-up imaging with HiCIAO while the CC of V855 Tau is not found in the follow-up. Another 7 CCs around 5 stars (BD+22 574, V1171 Tau, HD 282954, HD 23514, and HII 1348) were observed with Subaru/CIAO, Subaru/IRCS, Keck/NIRC2, CFHT/PUEO, Palomar Hale telescope/PHARO, Keck/OSIRIS at the previous epochs (Itoh et al. 2011; Rodriguez et al. 2012; Bouvier et al. 1997; Geißler et al. 2012) . The relative distances to the central stars for these CCs are shown in Figure 3 . The remaining 4 CCs, 2 for V1054 Tau and V1174 Tau respectively, are waiting for the second epoch observations for proper motion measurements. 
HD 23514, and HII 1348
HD 23514 and HII 1348 have a co-moving object respectively, which is most likely a companion gravitationally bound to it (Figure 3(g) , and Figure 3(h) ). The companion objects were first identified by the previous astrometry by Rodriguez et al. (2012) for HD 23514, and by Geißler et al. (2012) for HII 1348. The H magnitudes for the companion were measured to be 15.39 ± 0.06 mag in October 2010 for HD 23514, and 15.30 ± 0.09 mag in October 2004 for HII 1348, and their masses are estimated as 60 M J , which is in the brown dwarf regime. Rodriguez et al. (2012) measured the separation and the P.A. of HD 23514 as 2. ′′ 642 ± 0.
′′ 003 and 227.
• 51 ± 0.
• 04 in November 2009, and in October 2010 they were 2. ′′ 644 ± 0. ′′ 002 and 227.
• 48 ± 0.
• 05, respectively. In our observation in December 2010, the separation was 2. ′′ 646 ± 0.
′′ 033 and the P.A. was 227.
• 6 ± 0.
• 7. The H magnitude of the CC in December 2010 was 15.37 ± 0.05. Our measurements are therefore consistent with those of Rodriguez et al. (2012) .
For the companion of HII 1348, Geißler et al. (2012) measured the separation and the P.A. as 1.
′′ 097 ± 0. ′′ 005 and 346.
• 8 ± 0.
• 2 in October 2004, and in November 2005 they were 1. ′′ 12 ± 0.
′′ 02 and 346.
• 6, respectively. In our observation in December 2011, the separation was 1.
′′ 12 ± 0. ′′ 03 and the P.A. was 346.
• 1 ± 0.
• 9. The H magnitude of the CC in December 2011 was 15.7 ± 0.4. Our measurements are therefore consistent with those of Geißler et al. (2012) .
V1171 Tau, HD 282954 and BD+22 574
We observed HD 282954 and V1171 Tau two times for measurement of their proper motions with HiCIAO. We confirmed these 3 CCs were the background stars from comparison of the astrometry between the two epochs. Two CCs for BD+22 574 show changes in their relative distances to the central star between the two epochs, and are likely to be background stars. We consider it likely that the distortion correction is not perfect for the CIAO data because the distortion map for the CIAO data cannot be preperly generated due to a limited number of the field stars in Trapezium, which was observed for the distortion correction. However, because the distortion is small at narrow separation, the CC1 of BD+22 574 (separation ∼ 3.
′′ 3) is confirmed as the background star. It is not clear whether BD+22 574 CC2 os the companion or the background star.
V855 Tau, and HD 23912
One CC was detected for V855 Tau in January 2011. Interestingly, however, it was not detected in January 2012. It is difficult to conclude that we had a false detection in 2011 because it is not one of the known artifacts, it is seen in all of the several combined images, and its PSF has a reasonable FWHM without any peculiarity in its shape. It may therefore be a foreground object. HD 23912 also has one CC, but it turned out to be a background star on the basis of ADI and DI observations with HiCIAO.
Statistical analysis for estimating the frequency of planets
The purpose of this subsection is to constrain the frequency of planets around a star based on our observations. First, we define and calculate the detection efficiency ε n as the probability of planet detection when host star n has one gas-giant planet.
To begin with, we consider the separation range where we can detect a planet in our observations with HiCIAO/AO188. The detection limit of a point source far from the central star is determined solely by the total integration time without being affected by the stellar halo. As already mentioned in section 5.1, the detection limit of our observations (5σ) was 20.3 magnitudes with an integration time of 5-45 minutes beyond 1.
′′ 5. However, residuals of the stellar halo remain in the inner (<1.
′′ 5) region as seen in Figure 2 . In this area, only brighter planets, brown dwarfs, and stars can be detected, but we are interested in the region where planets can be detected if they exist. The minimum separation for planet detection, which we define as the inner working angle (IWA), can depend not only on the sensitivity but also on the field rotation of ADI. In this way, the IWA is determined only by the sensitivity of our observations, which is 0.
′′ 6-1. ′′ 0 arcsec, depending on the amount of suppression of the stellar halo for each target. Nevertheless, most of the region we consider below is the outer part (>1.
′′ 5), which is free from the effect of the stellar halo. In the following calculation, F min is defined as the minimum angular separation that a planet with a given mass M P can be detected.
The H magnitude can be converted to planetary mass by using the evolutionary model by Baraffe et al. (2003) , assuming an age of 125 Myr and a distance of 135 pc for the Pleiades. Using this relation, the minimum detectable planet mass M min can be determined for each separation.
Next, we calculate the detection efficiency, which is the probability that planets lie in the detectable parameter space of the observation. The detection efficiency ε(M P , a, e) to find a planet with a certain orbit in the Pleiades is derived from the planet mass M P , semi-major axis a, and eccentricity e. Here, we assume that a host star always has one planet that has the orbital elements; a, e, inclination i (angle between line of sight and normal to the orbital plane), and azimuth φ (angle between line of sight and periapsis). As the planet moves along its orbit, the separation angle F from the central star to the planet varies with the true anomaly θ as described as follows:
where D is the distance to the Pleiades cluster (D =135 pc). We then introduce T d , which is the time per orbital period T P for a planet of M P being in the range of F > = F min . Using T d , the detection efficiency of a certain orbit is described as g(M P , a, e, i, φ) = T d /T P . Considering that the line of sight is randomly distributed and independent of a planet orbit the detection efficiency for one orbit is
Accordingly, the detection efficiency ε n for a host star n can be obtained from the distribution of planet mass, semi-major axis, and eccentricity by
Here, we need to consider the number distribution of planet mass, semi-major axis, and eccentricity, which are expressed as dN/dM P , dN/da and dN/de, respectively. The distribution of planet mass was derived as dN/dM P ∝ M −1.2∼−1.9 P by the RV survey for planets with orbital periods longer than 100 days (Cumming et al. 2008) . For the distribution of the semi-major axis, dN/da ∝ a −0.61 was obtained from the RV survey for planets with long orbital periods (shorter than 2000 days: Cumming et al. 2008) . Finally, the distribution of eccentricity was derived as dN/de ∝ exp(−4.2e) on the basis of data in The Extrasolar Planet Encyclopedia 2 .
We assume these distributions in our calculation. Adopting Baraffe et al. (2003) , the minimum detectable mass in our observation was 6-10 M J at separations larger than 1.
′′ 5. As shown in Figure 2 , IWAs are 100 AU for a circular orbit and 50 AU for an eccentric orbit with an eccentricity of 0.9, respectively. Considering this result and using equation (3), the detection efficiency ε n ranges from 82-96% for a planet mass of 6-12 M J and semi-major axis of 50-1000 AU.
In the above discussion, we calculated the detection efficiency for one planet orbiting one star, ε n . In the next step, we consider the probability of detecting at least one planet, p n , around a star n (n = 1...N). p n is calculated from the detection efficiency ε n and the number frequency of planets around a host star η, since
As noted above, ε n is uniquely determined by the orbital distribution of a planet and the detection separation range in the observations. On the other hand, p n can be constrained by our imaging results for 20 stars. Therefore, it is possible to constrain the planet frequency η for a host star. In the following analytical approach, we employ Bayes' theorem as described by Vigan et al. (2012) and Lafrenière et al. (2007) . The probability of detecting at least one planet is η ×ε n while that of non-detection is (1 −η ×ε n ). The likelihood of the data given ε n is described as
where d n is the sign of detection, which equals 1 if at least one planet is detected around a star n and 0 if no planet is detected. On the left-hand side of the equation, {d n } shows the set of results from N observations. Using this likelihood, the conditional probability distribution that the set of events {d n } occurs with frequency η is
where p(η) is the prior probability of η. Since η is unknown a priori, p(η) = 1. We can determine the range of η as a confidence interval (CI) on a given confidence level (CL) α,
where η max and η min are the maximum and minimum values of η in the case of {d n }. In our observations, there are 8 companion candidates without proper motion measurements (V1171 Tau CC1, CC2, BD+22 574 CC2, HD 282954 CC1, V1054 Tau CC1, CC2, V1174 Tau CC1, and CC2). Even if they are companion objects, their masses are larger than that of planets (> 12M J ). Thus, no planets is found around 20 stars in our observations, resulting in a value of η max of about 17.9% (CL = 95%) for planets in the mass range of 6-12 M J and the semi-major axis of 50-1000 AU. The minimum value η min is always 0 in this case.
Discussion
On the basis of our observations of 20 stars, the frequency of planets in the mass range of 6-12 M J orbiting at a distance of 50-1000 AU from a host star in the Pleiades (125 Myr, 135 pc) is estimated to be 17.9% as an upper limit (2σ). This is the first time this constraint has been obtained for a certain age (∼125 Myr).
In a previous direct imaging survey by Lafrenière et al. (2007) , the frequency of planets over the mass and separation ranges of 0.5-13 M J and 50-250 AU was below 10%, as derived from observations of 85 stars with the Gemini North telescope. Similarly, the frequency of planets of > 1 M J at 40-500 AU was not greater than 9.3% (2σ) by the VLT observations of 88 stars within 100 pc (Chauvin et al. 2010) . Therefore, our estimate is consistent with these previous results, indicating that the planet frequency in the Pleiades is not much higher than in other moving groups and around field stars.
According to these results, giant planets are very rare at larger separations (more than about 50 AU), although there are a few known candidate systems (e.g., Marois et al. 2008; Itoh et al. 2005) . Since current formation theory predicts that heavy giant planets can form only via disk instability at distant regions, it is speculated that such instability is not a major insitu formation process for giant planets. Furthermore, our observations cover a wide area even beyond a few 100 AU which is the typical size of protoplanetary disks (Andrews & Williams 2007) , thus it is difficult to expect that planets form in situ at such a distances from a host star. However, it has been suggested that giant planets or their natal fragments in multiple 19 planetary systems can be ejected into very wide orbits (10 2 -10 5 AU) through gravitational interaction (Basu & Vorobyov 2012; Veras et al. 2009 ). At present, the observed rareness is not inconsistent with theoretical predictions that invoke planet-planet scattering. In other planet surveys of the region near host stars using microlensing (OGLE: Beaulieu et al. 2006; Kubas et al. 2008 , MOA: Sumi et al. 2010 , the frequency of planets with 0.3-10 M J at 0.5-10 AU was 17 +6 −9 % (Cassan et al. 2012 ). In addition, the frequency of planets more massive than 0.3-10 M J over 0.03-3 AU was 10.5 ±1.7% by RV survey (Cumming et al. 2008) . Though the detectable separation in these other surveys was different from that in direct imaging, the frequency of planets according to our survey does not seem to be higher than those obtained by microlensing and RV surveys (Figure 4 , Table 4 ).
In our observations, point sources fainter than 14.5 mag are detected around 9 of 20 (40%) target stars whether or not they are real companion objects. The detection limit is 20.3 mag in the H band at the separation of 1.
′′ 5-10 ′′ . This possibility of finding other point sources is consistent with previous direct imaging studies with similar survey depth and size of the field of view. For instance, CCs were detected toward 32 stars (44%) in the galactic latitude Our use of β is taken from Cumming et al. (2008) . In direct imaging by Lafrenière et al. (2007) , α and β were the values extrapolated from RV observations. Lafrenière et al. (2007) and Cassan et al. (2012) assumed a flat distribution in logarithmic semi-major axis space.
of > |10| degrees in the imaging by Chauvin et al. (2010) . Among them, 5 stars have already been confirmed as background objects while 78% remain to have their proper motion observed. It is highly likely that most of them are background stars, but we would like to point out that as a by-product, deep direct imaging would also be useful to discuss galactic models. This, however, is beyond the scope of our paper.
Summary
We have carried out a SEEDS imaging survey for detection of extrasolar gas-giant planets in the Pleiades with the near-infrared imaging instrument HiCIAO and the adaptive optics instrument AO188 on the Subaru telescope between October 2009 and January 2012. Thirteen companion candidates were found around 9 host stars in H band by using ADI observations. The detection limit of our observations (5σ) was 20.3 magnitudes with an integration time of 5-45 minutes beyond 1.
′′ 5. For HD 23514 and HII 1348, we confirmed a brown dwarf respectively, which were detected by a previous study with proper motion measurement (Rodriguez et al. 2012; Geißler et al. 2012) . Five of the 13 candidates were confirmed to be background stars on the basis of proper motion. One was not found in the second epoch observation; thus, this was unlikely to be a background or companion object. Only one it was not confirmed whether or not it is background star, as the precision of their proper motions was not sufficient. Four of the 13 remain to be observed to confirm whether they are co-moving.
We determined the detection efficiency, which is the probability of finding a 6-12 Jovianmass planet at 50-1000 AU from the host star in the Pleiades, to be about 90% on the basis of our detection limit. Because there was no detection of such a planet, we estimated that the frequency of stars having gas-giant planets in the Pleiades is less than 17.9%. This result is consistent with previous direct imaging studies, indicating that planet frequency in the Pleiades is not considerably higher than those obtained in moving groups and field stars. 
